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FOREWORD

This report was prapared Uy the Research Division, College of Engineer-
ing, New York University under USAF Contract No. AF 33(616)-3883, This contract
was initiated under Project 7021, ®Solid State Research and Properties of Matter®,
and Task 70661, “Effect of Internal Structure and Impurities on the Conductivity
and Allied Phencmena in Solids® and was administered under the direction of the
Aeronautical Research Laboratory, Directorate of Laboratories, Wright Air Develop-
ment Center, with Mr. James W. Poynter acting as project engineer.

This report covers work done from December 1, 1956 to September 30, 1959.
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ABSTRACT

Off=-stoichiometric single crystals of PbTe were grown by the Eridsman
iechnique at a solidification rate of 0.35 cm/hr. At this low solidification
rate the crystals were longitudinally segregated, the composition at any poini
corresponding to that dictated by the solidus curve of tie phase diagram. The
phase diagram shows that PbTe has an off-stoichiometric meltin; point; the difter-
ence in concentration between the meximum melting point and the stolchiometric
point being 0,002 atomic percent, with the congruent meliing point on the tellur-
ium rick side of the stoichiometric point, Stoichiometric PoTe is in equiiibrium
with liquid Ol4l weight percent rich in lead, the equilibrium temperature being
92342°C. The solubility of both lead and telliyium in PbTe is restricted, tue
maximum lead and tellurium excess being 5 x 10~ atoms/cm3.

The crystals were cut into thin sections perpeniicular to t:e growth
direction and the slices homogenized to yield samples of different impurity
concentrations of lead or tellurium. Resistivity, Hall coe:ficient, and thermo~
electric pcwer measurements were made as a2 function of temperature on tnree slices
corresponding to stoichiometric, excess lead, and excess tellurium. High-temper-
ature measurements could be made reproducitly with no loss of tellurium by coating
the sample with Sauereisen No. 10, a room-temperature hardeninge cement. The results
obtained were analyzecd for the basic electronic parameters of the materials The
high temperature results were brought into agreement with rcom terperature optical
absorption data after correcting tror vacancy generation at elevated temperatures.

The energy gap at absolute zero was calculated to be 0.2L eV, and has a
temperature variation of + 2.5 x 10~k eV/°K. The mobility ratioc is 2.2 +:9.15
and the electron and hole room temperature mobilities are 1170 and 500 cm %/volt~
sec respectively. The electronic effective mass was found to be 0,22 m and the
hole effective mass 0.29 m.
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I. INTRODUCTION

During recent years increasing interest has developed in the class of
materials xnown as semiconductors. A semiconductor can be defined as a material
having a negative temperature coefficient of reslstivity with resistivity values
between approximately 10=3 and 103 ohm-cm at room temperatures

The semiconductors which have been studied most are germanium and silicon,
due to their mamy applications in transistors and rectifiers., However, it has been
demonstrated (1) that the compounds of Types ITI-V and II-VI, that is, compounds
formed between elements of the third and fifth columns and the second and sixth
columns of the periodic table, also have semiconducting properties. These compounds
are valence compounds and obey the empirical relationship derived by Mooser and
Pearson (2) for semiconductors:

ne/ng + b = 8
where g 1is the number of valence electrons per molecule
ng is the number of Group IV to VII atoms/molecule

b is the average number of bonds between the atoms of Groups IV to VII

Since lead acts as a divalent element in PbTe;, this compound obeys the
above rule.

PbTe is of particular interest for use as a thermoelement in thermoelect.:i
generatorss A thermoelectric generator can be defined as two different materials
Jjoined at one end which generate an emf when a temperature gradient is imposed along
their lengthe It has been shown (3) that materials with high mean atomic weights
should have good properties for use as thermoelements, PbTe falls in this categery.

The investigation was centered on determining the values of the paramaters
that affect the electrical characteristics of the material. These are: the number
of current carriers, the carrier mobility, the width of the forbidden energy gap in
the compound; and the effective mass and sign of the charge carriers, These properties
were obtalned by growing single crystals of desired impurity concentrations and deter-
mining the electrical resistivity, Hall coefficient, and thermoelectric power of the
crystals as a function of ‘emperature. From these measurement< the desired constants
were calculated,

II. LITERATURE SURVEY

A brief review of the literature on PbTe is given below. This survey is
not intended to be comprehensive, but rather to indicate the state of knowledge of
the elecironic properties of the compoundy; and also to serve as a summary of the
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explain this; he concluded that the main impurity in boath crystals was likely to
be oxygen from air adsorbed on the crucibles! walls, and that this p«type impurity
must be the cause of the failure to obtain netype PbTe.

To remove all adsorbed gases, weighed quantities of lead and tellurium
were placed in separate sidearms of a Y tube. The air was pumped out, hydrogen
passed through the crucible, and the crucible heated to red heat. The lead was
then melted inr . the vertical crucible (the bottom of the Y) and then heated to
red heats ™ e hydrogen was then pumped out; and the tellurium melted onto the
lead with hydrogen flowing once more, The hydrogen was pumped out again, the
crucible sealed, and crystals grown. Lawson reported that n-type crystals of
PrTe were grown in this way.

Putley (7) using the stoichiometriec crystals grown by Lawson reported
that in the intrinsic range these crystals had Hall coefficients indistinguishable
from those of the polycrystalline samples studied previously (L). The values for
the electrical conductivity, however, were greater by a factor of five to one
hundred for the single crystals than for the polyerystalline specimens, resulting
in mobilities much larger in the single :rystal samples. The following compilation
of data was reported:

Compound PbsS PbSe PbTe
energy gap eV 1,17 0,63
best mobility 290°K elec. 800 1400 2100

cm2/V-sec holes &LO 1400 8Lo

Scanlon (9) pointed out that the high value of the energy gap for Pbs
reported by Putley did not agree with photoconductivity data and noted a source
of error in Putley's interpretation of high=temperature resistivity and Hall measure-
ments., In his experiments on single crystals of PbS; Scanlon observed that the
concentration of lead or sulfur remained unchanged up to 500°K, as shown by revers-
ibility of Hall effect and resistivity curves. On heating the crystal above this
temperature irreversible behavior was noted due to vaporization of sulfur from the
specimen, He avoided this vaporization by using Hall data on relatively pure samples
below 500°K, and obtained the energy gap from the relation:

R = AT=3/2 _-E/2kT

An energy gap of 0,37 eV was obtained for PbS by this method; which agreed :losely
with the optically determined value,

Brady (10) using Lawson's technigues for crystal growth attempted to
prepare specimens of off-stoichiometric composition, He used both graphite and
quartz crucibles, and found no correlation between the properties of the spezimen
and the zrucible material,
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Amnealing the crystals after growth did not affect the properties of
the specimens. Almost all of the cutside surface of the stoichiometric samples
was n-type, but this layer was present to a depth of only 0,002 to 0,010 cm,
The bulk of the crystal was p-type and only the last S to 10 percent of ths
crystal was n-type throughoute.

Nonegtoichiometric samples were prepared, using Lawson's modified pro=
cedure, In samples containing excess lead, the portion that crystallized last
was n=-type as was the surface. Samples containing excess tellurium showed no
n-type regionse Brady concluded that these results indicate that solid PbTe 1is
not in equilibrium with liquid of exactly the same composition. ,The lattice
constant of stoichiometric PbTe was found to be 6,4576 + 0,0019 A.

Silverman (11) prepared specimens of PbTe in single crystal form, He
obtained crystals having conductivities ranging from 0.003 to 0,13 (ohme=cm),~+
and Hall coefficients of from +3 to -18 cm3/soul, The mobilities were measured
as 1500 cml/volt-sec for electrons and 750 cmz/bolt-sec for holes. During melt=
ing, lead segregated from the main body of the melt to the top, leaving the majer
portion p=type. A non-rectifying p-n junction was found along the bar.

Rloem (12) concluded that for PbS the introduction of excess lead inte
the crystal causes a sulfur ion vacancy., Of the two electrons given off by the
lead atom, the first remains trapped at the positively charged sulfur vacancy,
and the second one 1s so weakly bound to the vacancy that at room temperature it
behaves as a free electron, Similarly, introduction of excess sulfur produced
lead vacancies that trap one hole and give one free hole,

Putley (13,14 )expanded his previous woerk and reported on lead sulfide,
selenide, and telluride., He found, as before, that at high temperatures the
Hall effect and electrical conductivity vary exponentially with temperature in a
similar way for all specimens, but for every specimen a temperature exists below
which the behavior of the Hall coefficient is characteristic of the specimen and
is generally constant with temperature, Most specimens indicated negligible im=
purity activation energy, but some FbTe specamens showed evidence of impurity
levels situated about 0,1 eV from either band,

The time taken to obtain the resistiviiy and Hall curves was five te
eight hourse Te check the reproducibility of the results a run was made on PbTe
in which resistivity~temperature curves were obtained by heating a sample through
various temperature cycles. The total time for each cycle was 15-20 minutes. No
evaporization was noted until a cycle at 797°K was tried. Putley claimed that this
showed that perfectly reversible results may be obtained up to 700%K.

In the most recent paper on thermal measurements on PbTe (15), crystals
were grown by the Stockbarger methods Data were not taken in the intrinsic range
for fear of irreversible evaporation, but by using low-temperature measurements
of Hall coefficient,; the energy gap was found to be 0.3k eV. Impurity ionizatien
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energies were found to be very small,

The absorption spectra of PbTe have been obtained by various worxers
(16,17,18),

The most accurate determination of the energy gap from the absorption
edge for PbTe, PbSe, PbS is that of Scanlen {19) who used micro techniques on
sampler as small as 600 x §0 microns, The crystal thicknesses ranged from 1 mm
down to a few microns, The indirect transition energy was obtained by extrarolating
the square root of the absorption coefficient. vs photon energy to zero absorption,
and the direct transition energy was obtained by extrapolation of the absorption
coefficient squared vs photon energy.

The values obtained at 300°K were:

Materpal Direct Energy Gap Indirect Energy Gap
FbS 0.4l 0637
PbSe 0029 0026
PbtTe 0. 32 0429

Smith (20) obtained the basic parameters for PbTe, PbSe, and PbS by
comparing absorption, resistivity, and Hall coefficient, data. and used the
constants that provided the best fit for all the data:s

Compound b np,/m np/h E eV
Pbs 1.5 0018 o.]—h 0030
PtSe 1.3 0,15 0,17 Del2
PbtTe 1,8 0,17 D.21 0426

The phase diagram of the lead-tellurium system ras been given in Hansen {30},
who shows the solubility of lead and tellurium in PbTe to be extensive; the limits
of solubility being 22<L4S wt ¥ telluriume. The limits were based on the magnetic
susceptibility measurements of Endo (31). Pslzel (32) redetermined the solubility
limits by determining the compesition of the liquid in equilibrium with PbTe in twe
phase liquid plus PbTe alleys and confirmed the wide solubility 1imits, However,
Brebeck and Allgaier (33) experienced difficulty in obtaining impurity concentration
greater than 1019 cmr , much lower than would be expected for a compound having wide
solubility 1imdts,

Russian workers have observed (3L) that if single crystals of PbTe contain-
ing excesses of Te are annealed at various temperatures and then quenched, & greater
number of carriers are present in the samples than if they are slow cooled from the
annealing temperatures,

They ebtained an activatien energy for the production of these thermally
induced carriers to be 0,62 eV, assuming that the production of these impurities
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follews a bimelscular law. They stated that the increase in number of carriers is
due to the solution eof tellurium in the compound from extraneous quiescent ime
puritiese.

They alse found excesses of lead to have very little effect on the elec=-
trical preperties of the compound unless substitution of monevalent catiens fer
lead in the lattice were made. They claim that this results in a catien vacancy
in which the excess lead atom can then dissolve and can then take part in the
conduction processess

The diffusion coefficient has been determined by observing the movement
of & p=n junction along the length of a single crystal as .sad was diffused inte
PbTe (35)e Diffusion coefficient varying from 0,7 x 1010 ¢4 3.5 x 1ol em?/sec
were found over the temperature range of 532% to 773K, An activation energy of
0.6 eV was calculated for the diffusion of Pb, 0,75 &V for Te.

This literature review indicates that there are several areas for research
on the properties of PbTe.

The data of Brady (10), Silverman (11), and Lawson (5) indicate that PbTe
has an offestoichiometric melting pelnt; but no quantitative measurements have as
yet been made.

The large effect that evaperation of tellurium from PbTe at elevated
temperatures can have on the electrical properties has only recently been under=~
stoed (9), and ons investigator (15) has avoided this error in PbTe by working
at low temperatures, However, this leads to an inadequate knowledge of the high-
temperature properties of the compound.

This investigation, therefore; had twe main objectives: 1) te clarify
the phase diagram of the Pb-Te system; 2) to ebtain the thermoelectric properties

of the compound at several selected impurity concentratiens as a functien ef
temperature and to ebtain the basic electrical constants for PbTe from this data.

III., EXPERIMENTAL PROCEDURE

K. Crystal Growths

The starting materials used were spectroscopically pure lead ebtained
from the American Smelting and Refining Company. A typical analysis 1s given in
Table I,

Single crystals of PbTe were grown by the Bridgman technique., 150 g ;
samples of desired compositions were weighed te ¢ 1 mg on an analytical balance
and placed inte quartz tubes which were evacuated to 1 micron and then sealed.
In several cases the tube was heated to red heat with a terch to remove adserbed
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gases before the material was placed inside, and zone refined starting material
used, but no consequent difference in the grown crystals was observed,

The capsule was sealed as close to the top of the material as pessible
in order to minimize the volume available for vaporization of tellurium, The
sealed capsules were lowered threugh a nichrome~wound resistance furnace thres
feet leng and 1-% inches in diameter by a i rpm moter geared down to drive a rack
at a rate of o35 om/hr, The specimen was connected to the drive mechanism by a
thin flexible wire running over several pulleys. The furnace temperature was held
at 1080°C by means of a Variac and was recorded on a Weston temperature recorder.
The temperature was found to vary less than 5°C during a run.

The resultant ingots were approximately 4 inches leng and 1/2 inch in
dlameters In several runs the capsules cracked during the solidification process,
and the specimens became oxidized and were discarded. When the specimen was net
oxidized, the ingois slipped easily out of the capsule., and had a clean, bright
surface.

TABLE 1

el mea .

Spectroscopic Analysis of Starting Materials

Impuriy Concentration in Te Concentration in Pb
Sb nil nil
Tl nil nil
Mg nil nil
Mn nil nil
Sn nil nil
Si nil nil
Ccr nil nil
Fe il 00002
Ni nii nil
Bi niL 0.0001
Al nii nil
Ca niy + nil
Cu nil 0,00C1
cd nil nil
Zn nil nml
As 040001 nil
Se 00,0001 nil
Hg nil nil
Ag nil nil
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An oxade staiming procedure was used as a macroetch for ebserving any
grain toundaries 1u the samples, To develop thie ncundaries, the specimens were
polished down to 3,0 vaper and ther piaced {n a runming vacuum in a furnace at
£Xy?C for aprcroximately five minutes to vaporize a very thin layer of tellurium
from the surface, Air was then admitted to the system; the specimen being held
at temperature for ten seconds to oxidize, and then water-quenched to stop the

reartilion,

Different grains become oxidized to different degrees; and grains were
very ciearly distinguisheds No change in the bulk resistivity of the samples was
cbserved due to this treatment,

C. Resistivity Scans

Resistivity scans alcong the length of the grown crystals were determined
witn a {our-point apraratus. Four tungsten wires were inserted in holes in a Teflen
btlock accurately spaced 0.050 inches apartes These probes were individually springe
mounted bty means of spirals in the wires to permit individual motion where needed
te compensate for irregularities on the specimen surface, The probes were peinted
electrolytically (21),

The protes were pressed against the gpecimen's surface by lowering the
unit onto the specimen by means of a rack and gear. Current was passed through
the samrple through the outer twe probes, and then through a standard 0,01 ehm
resistor, The veltage drop across the standard resister was usei Lo determine the current
valueo The inner two probes were used to determine the voltage drep across the
sample.

Voltages were measured by means of a Rubicon Type B petentiomster and s
spetiight galvanometer with a 0o5 uV sensitiwvity, The distance from the seed end
of tue sarmple was measured by means of a micrometer. Room temperature resistivities
could be determined by this apparatus to an accurazy of 5 x 10=4 ohm cme

D. Therme=iectric Scanx

iy —

The tip of a 100-watt soldering i1ron was machined down to a peint fer use
as a hot probe, The sample to be investigated was placed on a copper sheet, the
probe pressed to the surface lightly, and the sign of the deflection was ebserved
on a galvanometer connected to the base plate and the hot probe. The probe was
moved along the specimen’s length to obtaln a scan of the sample,

E. Sec&loniqg:

The crystals were mourted on a porcelain plate with Apeizon wax, and
slices into sectaons Q.. inch thick perpendicular to the growth directien by a
diamend cut=of{ wheel, These sections correspend to single crystals of various
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impurity content of lead and tellurium,

The sectiens were then sealed into evacuated quartz capsules and home=-
genized at 850°C fer L8 hours to remove any segregation before measurements were
made. The capsules were less than 2 inches in length. and during the homegenization
process the sntire capsule was placed in the constant temperature zone c¢f the furnac.,
80 that no tellurium could be lost from the sample by condensation on cooler parts
of the capsule, The resistivity of the two faces of the slices were determined after
amealing, and were found to be the same within the limit of measuring error,

F. Resistivity vs Temperatures

leads were welded ontoe the samples by electric resistance heating for
resistivity determinations as a function of temperature. A brass plate was used
as one welding electrode, and was connected o one output lead of a 5 ampere Variac.
The other lead of the Variac was attached to a pair of tweezers, which was aliso
used to manipulate the wire to be welded. A tapping key in the Vartac output sircuit
r>rmitted short current pulses to be sent through the circuit.

The surface to be welded must be oxide free; and the surface was freshly
polished down to 3/0 paper immediately before welding. After several minutes stand-
ing in air, the probe generally would not make electrical contact with ti: s-mple,
and the surface had to be repolished.

The slice was then placed on the brass plate, and the wire to be weldzad
was touched gently to the surface at the point where welding was desired, The
tapping key was depressed momentarily several times, The speciman-probe contact
resistance heated the Junction sufficiently to fuse the two together at the surface,
Copper, silver, and gold wires were welded successfully, the bond being very strong;
in tension the wire frequently broke before tearing out of the surface. These materials
apparently form a low-melting eutectic with PbTe resulting in a high-strength bond,
Three welding cycles of SV applied for approximately 1/2 sec were used.

Four probes were attached to the specimens in a straight line on the surface.
The distance between the probes was measured by using the graduated table of a metallo-
scope. Room=temperature resistivities of the samples were determined using the welded
probes and the values wers compared with the known four point resistivity, It was
observed that if the spacing betiween the welded probes was greater than 0,050 inches,
and the wires were less than 0,005 inches in diameter, then the resistivity wvalues
obtained by the two methods coincided,

For low=temperature resistivity measurements; the specimens were placed
in a crucible around which a Nichrome heating element had been wound. This assembly
was placed in an outer crucible which was then placed in a Dewar flask into which
the coolant was also placed. The power imput to the heater esqualled the heat
dissipated by the coolant at the desired temperature, Liquid nitrogen was used as
the coolant for temperatures from 77°K to 186°K, Above this temperature range the
liquid nitrogen evaporated very rapidly, resulting in appreciable temperature varia-
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tions in the specimen compartment. Therefore, dry ice was used from ,B86°K up
to room temperature, The temperature could be controlled to within 1*C for a
period of one hour with this apparatus without the need for addi . additional
coolant,

No difficulties were encountered in obtaining measurements near room
temperature, but as the temperature was lowered the probe-specimen contact
resistance increased rapidly, and below =100°C the :ircuit resistance became so
great that readings could no longer be taken with a potentiometer. The circuit
resistance was determined using a Wheatstone bridge and was found to be very
large and rectifying.

To obtain non-rectifying low=resistance probes, the contacts were pulsed
with moderate voltages for short times. The contacts were welded in the usual
manner, and then the Variac output was raised to LO-70 wolts and the tapping key
was depressed momentarily, When the pulsing was done fast enough, the probes
remained welded firmly in place, and the circuit resistance remained below 20 ohms
maximum and was non-rectifying. The pulsing could be done either at room tempera-
ture or after the specimen was placed in liquid nitrogen with similar resultse
The pulsing was generally done while the specimen was immersed in liquid nitrogen
30 that the low=temperature resistance before and after pulsing could be easily
checked.

Using these pulsed contacts, measurements could be made easily from
77°K up to 300°K, The room=temperature resistivity of the samples was checked
with the four=point probe apparatus after the low~temperature measurements and
was found to be unchanged,

Since the weld strength of the silver probes is due to the formation of
a low melting eutectic, for high-temperature measurements different probe materials
must be useds 0,00L inch diameter molybdemm wires were found to form satisfactory
welds up to 700°C, the highest temperature reached during the experiments. However,
the strength of the weld is considerably less than when silver is used,

To prevent vaporization of tellurium from the surface of the samples at
elevated temperatures, the specimens after welding were placed in 25-ml Pyrex beakers,
and the beakers filled with Sauereisen cement, and then baked at 80°C for 24 hours to
harden the Sauereisen., The Sauereisen used (#10) is a low-temperature~hardening
liquified procelain which is primarily used in the production of sparkplugs and forms
a vacuum tight seals The Sauereisen surrounding the specimen prevented tellurium
from vaporizing from the surface and also provided mechanical support for the molyb-
denum wires,

To protect the molybdenum wires from oxidation; the assembly was placed
in a Vycor tube, and running nitrogen was used as an inert atmosphere during the
measurements. Resistivities could be determined by this procedure satisfactorily
up to 700°Ce

WADC TR 59=570 10




G. Thermoelectric Power vs Temperatures

Thermoelectric power vs temperature data were obtained by clamping the
sample between two large copper tlocks in which thermocouples were imbedded. A
temperature gradient was established across the sample by placing the jig
eccentrically either in a furnace or in a Dewar flask. The thermocouples were
used to determine the temperature gradient across the specimens, and copper leads
were used to obtain the emf generated by the specimen with respect to copper. To
obtain a temperature gradient for room temperature measurements; a small strip
heater was placed in one of the copper blocks. Gradients of 20° to 30°C were
used for all measurements, Tdentical precautions were used for high-temperature
measurements as were described for resistivity determinations,

H. Hall Effect vs Temperature:

The samples were cemented onto a lavite btlock with Dekhotinsky cement,
and were then cut into rectangular shapes using a jewelerfs saw. Current and
voltage probes were welded onto the samples! edges using the techniques described
previously. The Hall effect was determined for temperatures between 77°K and
720°K using the apparatus shown in Fig. 1.

The samples were placed in a Dewar flask between the poles of a D.C.
electromagnet. For low temperature studies liquid nitrogen or a dry-ice and
acetone mixture was placed in the chamber, Teo obtain intermediate and higher
temperatures. a Nichrome resistance heater was used. The field strength was
determined using a Rawlson rotating coil gaussmeter,

To eliminate Joule heating the procedure described in determining the
resistivity was followed. To eliminate the Ettinghausen and Nernst effects,
measurements were made with all possible combinations of field and current re-
versals as described by Olaf (22).

I. Room Temperature Abserption Spectrums

A 1/8 inch thick slice of the single crystal was polished down
sufficlently so as to be transparent in the infrared. The specimen was mounted
on a flat steel plate with a hardened steel collar surrounding it to assure
parallel pelishing of the surface. S8oft velvet polishing cloths were used; with
600 mesh alundum being used for the grinding operations; and 1 micron diamond
paste as the final polishing material to produce a scratch free surface. The
absorption spectrum was determined for several thicknesses between .4 to 150 mm
over the wavelength range of 2 to 8 microns using a Beckman TR-2A spectrophotometer.,

Jo Thermal Analysiss

The liquidus line was obtained by thermal analysis. Samples to bes in-
vestigated were sealed in quartz capsules having a central thermocouple wall,
The capsules were small enough so that the entire length was at the same tempera-
ture, and thus no composition change could occur by either vaporization or con-
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densation of tellurium on cooler parts of the capsule. The thermal analysis
apparatus was constructed according to the specifications given by Roeser and
Lonberger (23)s A platinum/platinum-10% rhodium thermocouple was used. The
thermocouple was calibrated against the melting points of copper, antimony,
and zinc. The emf was obtained with a Rubicon type B potentiometer. The
accuracy of measurement obtainable with this system is + 0,5°C; the precision
was better than 0.1°C. -

K« Lattice Parameters

The lattice parameter of various compositions were determined using
the standard Debye-Scherrer X-ray technique, Seven twenty-five gram alloys
covering the range 22 - 45 wt § tellurium were weighed to 1 mg and then sealed
in vycor capsules in vacuum, heated above the melting point and then water
quenched to prevent segregation during solidification. The samples were then
homogenized in the capsule for 96 hours 25°C below the solidus temperature re-
ported in Hansen. Powder patterns were taken using copper K radiation, The
pargmeters were determined using the extrapolation of agp vs (cos20 / sin2Q) +
c0s<9/0.

IV, RESULTS

1. Phase Diagram

Ae Introduction:

The electrical properties of any semiconductor depend on the concen-
tration of the impurities in the sample. In this investigation the impurities
of interest are excesses of lead and tellurium in stoichiometric PbTe. Therefore,
to obtain crystals of varying composition, it 1s necessary to have accurate
knowledge of the lead-tellurium phase diagram in the region near the stoichiemetric
pointe

Furthermore, there is evidence in the literature that the congruent melt-
ing composition and the stoichiometric composition do not coincide, se that large
errors in impurity content can occur during preparation if the actual maximum
melting point composition is not known.

Several techniques were used to delineate the section of the phase diagram
of intereste Thermal analysis could not be used to determine the selidus
as the solidus temperature decreases very sharply with composition; and a thermal
arrest cannet be observed accurately. However, the liquidus line near the maximum
melting peint must be practically a horizental line; resulting in sharp arrests,
and thermal analysis was used to delineate this curve.

The solidus line was obtained from the values of the electrical parameters

ot PbTe. The detalled description of the methed used to obtain the boundaries is
given belew,
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Be Thermal Analysis:

The liquidus temperature was determined for four compesitiens near the
stoichiometric point by thermal analysis. The liquidus temperatures obtained are
given in the following table:

TABLE IT

Liquidus Temperatures in Pb-Te Systiem

Compesitien Liquidus Temperature + .5°C
u% excess Pb 923.2°C
«25% sxcess Pb 923.6°C
.08% excess Te 923.8°C
28 excess Te 922,8°C

These values were used to plot the liquidus curve given in Fig. 6.

Ce Resistivity Scanss

Resistivity scans of the crystals grown are shown in Figs. 2 to S Fig. 2
is the resistivity scan of a single crystal grown from liquid of stoichiometric
composition, The resistivity of the sample is low in the initial portions to be
golidified, but a sharp increase in resistivity is observed near the tail end of
the specimen, and at approximately this point the thermoelectric power changes sign
from p=type to n=type. The resistivity decreases after this peak toward the tail
end of the specimen. The carrier concentration as a function of length along the
crystal is shown in the bottom half of the figure., Hall measurements were obtained
at several points along the length of the crystal, and the curve was calculated by
assuming that the mobility of electrons and holes was a constant for the sample,

The peak in the resistivity curve corresponds to a minimum in carrier congentration,
the lowest measured concentration being 2 x 1016 carriers/em?. Above 1018/cm3 Hall
coefficient measurements become very inaccurate and the curve cannot be drawn.

The explanation for this curve can be seen in the phase diagram shown in
the figures If we assume that the congruent melting point is to the tellurium side
of the stoichiometric point on the diagram, then a specimen of stoichiometric liquid
compogition initially freezes out solid which is tellurium rich, or p-type. As
solidification progresses, the solid approaches the stoichiometric composition and
the resistivity rises. On further solidification,; the solid rejected becomes lead-
rich, the resistivity falls and the thermoelectric power changes to n-type.

The resistivity vs length curve for a second sample, corresponding to an
overall liquid composition of 0,35 wt % excess lead is shown in Fig. 3. The curve

WADC TR 59570 13




has a peak in resistivity corresponding to a minimum in carrier concentration near
t..e center of the specimen. Tnis ls as expected, since the starting composition
is closer to that of licuid in equilivrium with stoichiometric PoTe.

The resistivity of a third sample, of overa.l liquid composition of
«LO wt 5 excess lead, is shown in Fig. L. The resistivity peak is virtually at
the seed end of tre specimen, indicating tnat the liquid composition is very near
©o that in equilibrium with stoichiometric PbTe, and conversely that PbTe is in
equilibrium with liquid of essentially CoL0 % excess lead.

A final sample, of 0.30 wt % excess tellurium is srown in Fige 5. The
resistivity continually decreases from seced to tail end; with nc peax or dis-
continuity and remains always p-type in carrier sign., This would correspond to
a sanple on the tellurium rich side of ire congruent melting point which segregates
alon; the velluriuam-rich solidus line,

The peak in resistivity should not occur at tie stoichiometric peoint
however, since the mobility of electrons and holes in PbTe are not the same. The
stoichiometric point can be defined electronically as the composition where tine
number of electrons equals the number of holes., The composition wiere the maximum
resistivity occurs can be found oy the following anal, sis:

¢ = neMe+ pep=  (nb + DPle o, (1

at any temperaturs: np = ni2 (2
= = (o ng?pl + ple i,

do-/dp = b ni2 p~2 +1 =0, bnp-l =1 (3

therefore: p = nb (L4

That is, the maximum resistivity will occur where ihe number of electrons
vimes the motility ratic equals thne number of holes. Therefore tne two compositions
will coincide if the mobility ratio is unity, but will have diiferent values for all
other cases. The di ference between the hole concentrations of the two compositions
can be calculated:

for the maximum resistivity composition pp.. = n,, b = (P 1asxltmax b)l/2 = nibl/2
for the stoichiometric composition Pstoich = (nstoichpstoich)l/z = n;
= 1/2 -
Prax = Pstoich = M (P /2 . 1) (5

Therefore, to ovtain the difference between the stoichiometric and
resistivity mawimam compositions, ny and b must both be knowne. The mobilify ratio
was iound to be 2.2.and the room-temperature np product equal to L.6 x 102 (see
section 2), Using these values in the above equations we [ind that the maximum
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resistivity and the stoichiometric compositions differ by 2.3 x 10‘5 atomi¢c percent.

The maximum room-~tempe:;rature resistivity obtainable in the lead-tellurium
system occurs at the composition given by equation 5., The resistivity at this
point can now be calculated from equation 1 using the mobility ratio and the np
product values given above, The maximum resistivity was calculated te be 0,63 ohm-cm,
Extrapolation of the resistivity vs length curves of Figs. 2 to 5 gives a maximum
resistivity value of ,3 ohm-cm, in excellent agreement with the calculated value
considering the difficulty of extrapolating to the maximum value of a cuspe.

De Calculation of Solidus Lines

Sufficient information is now available to permit the shape of the solidus
curve to be calculateds The liquidus is known from the thermal analysis data. The
solidus line can be plotted directly from the liquidus if k. (the solid te liquid
solute concentration ratio) is known. k., can be obtained by using the equation
relating the concentration and fraction of an ingot solidified during directional
solidification (24)s

C = Co ke (1-g)kc™t (6
where Ce is the initial solute concentration in the melt

g 1is the fraction of the melt solidified

ko is the ratio solute in solid/solute in liquid

C 1is the concentration of solute at point g in the solid

The k, value and the composition of the maximum melting point can be eb~
yained from the above equation by using the data giving the variation of impurity
concentration as a function of length of the grown erystals in Figs. 2 to 5. These
curves are equivalent to C vs g curves and the distribution coefficient can be
calculated using equation 6. The k, value determined in this manner is k¢ = 0,013
and the congruent melting point was found te be 0,002 atomic percent te the tellurium
rich side of the stoichiometric point,

The approximation that k¢ is independent of composition used in obtaining
the solidus should be quite accurate in the small composition range around the
congruent melting peint. The liquidus curve is known from the thermal analysis
measurements and the solidus can therefore be obtained using the value of k., cal-
culated above,

The completed pl.ase diagram in the region near the congruent melting point
is shown in Fig, 6. The congruent melting point occurs at 923.5°C at 0.002 atomic
percent excess tellurium, The solidus temperature of the stoichiometrie peint is
923,2°C and the liquid in equilibrium with steichiometric solid is O.Ll weight per-
cent rich in excess lead.
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Ee Solubility Limits of PbTe-

Hansen has published the phase diagram of the lead-tellurium system
based on a compilation of reported data. The diagram has one intermetallic com-
pound, PbTe, which is shown to have wide solid solubility limits extending frem
22 to 4S wt % tellurium (3l.L to 57.1 at %)e Tnese limits were based principally
on the magnetic susceptibility datas of Endo, Pelzel redetermined the solubility
limits on the lead rich side of the compound by measuring the relative areas of
the two phases in samples annealed in the liquid ¢ compound region. His data
agreed with that of Ende.

However, there is reason to believe that this section of the diagram is
incorrect. Recent studies of the semiconducting properties of PbTe (33) have ine~
dicated that addition of either lead or tellurium to PbTe does not produce samples
having carrier concentrations greater than § x 1019 cm"3° Assuming that each im-
purity atom results in one ionized charge carrier, this carrier concentration
corresponds to a solubility range of less than 0.5 at $. In addition, Pelzel toek
the relative areas of the two phases proportional to the relative volumes, whersas
the areas should be corrected for the different densities of the phases. The
application of this correction results in a significantly narrower calculated
solubility rangee Te reselve the discrepancy between these values, the solid
solublility limits of the compound PbTe were re-investigated.,

Bight 25 gr samples with compositions corresponding to 1, 3, 5 and
10 wt § excess lead and tellurium and two 100 gr samples correspending te 15 and
65 wt € tellurium were prepareds The specimens were sealed in evacuated quarts
capsules and melted at 950°C. The 1% excess Pb and Te and the 15 and 65 wt ¢ Te
alloys were homogenized for 96 hours at LSO°C; the remaining specimens were
annealed 50°C below the solidus temperature reported in Hansen. The specimens
were then polished, etched with dilute HNO3 and examined metallographically, All
the samples were observed to be two phase, the second phase appearing at grain

boundaries or as spheroidized inclusions in the grains. In the case of the tellurium

rich specimens, the second phase was clearly a eutectice.

Debye=Scherrer powder diffraction patterns of the 1, 3, S5 and 104 excess
samples were obtained using Cu Ku filtered radiation., The films were indexed as
the Bl or NaCl structure, The calculated lattice parameter of PbTe was constant,
for all the films, and the average of the eight samples gave ao = 6.460 :‘0.000SA.

Lines due to excess lead or tellurium were very faint but could be
clearly seen in all the films.

The percentage of the second phase present was determined by planimetry
on the 15 and 65 wt ¥ Te samples. The relative areas of the two phases on a 100
magnification microphotograph were corrected for the differences in density of Pb,
Te and PbTe, and were then taken as proportional to the relative volumes of the
two phasese The corrected relative volumes agreed with a phase diagram having lew
solubility of both lead and tellurium in lead telluride,
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Since planimetry giv:s correct volume ratios only if the grains of the
two phases are randomly distributed, the result was checked by determination ef
the density of the two specimens by weighing in air and in water. The specimens
were broken inte small pieces to eliminate any internal porosity. Any adherent
air bubbles were then removed bg vigorous shaking under water for several hours,
The density of lead (1l43L g/cm3) and of tellurium (6025 g/cm3) was taken from
the International Critical Tables and that of stoichiometric PbTe (8.25 g/cm3)
calculated from the lattice parameters, For the 15 wt % Te samples, the density
assuming no solubility was calculated to be 9489 g/cm3; the observed density was
9,86 g/cm3, For the 65 wt € Te alloy, the density calculated for the case of no
solubility was 7«24 g/em3; the observed density was 7.22 g/em3. These results
are consistent with those of planimetry.

It can be concluded that the solubility limits of PbTe are quite narrow,
and that the electrical measurements previously cited accurately define the phase
diagram. The maximum solid solubility of both lead and tellurium in PbTe can
therefore be placed in the range of 0,2 at &,

2. Electrom~ Properties

As TIntroduction:

To determine the electronic properties of PbTe, three slices cut from
single crystal 1 were studied extensively. Measurements were made on sections
corresponding to stoichiometric, excess lead (n-type), and excess tellurium
(p-type), all having carrier concentrations less than lOla/cm3.

The resistivity, Hall coefficient, and themoelectric power of the three
samples investigated are shown as a function of temperature in Figs. 7 to 1S.

Sample 3 was cut from the telluriumerich section of the ingot and is
p-type, as was determined from the sign of the Seebeck and Hall coefficients,
Sample li; was the slice with the highest resistivity after homogenization and
wag taken as being the slice closest te stoichiometric in composition. The sign
of the majority carriers was also found to be positive, Sample 19 was cut from
the tail end of the specimen, corresponding to excess lead and is n-type,

The intrinsic electrical properties of a semiconductor are largely
determined by the width of the forbidden energy gap and by the effective mass
and the mobilities of the current carriers, The inclusion of i1mpurities in the
material alters the low-temperature behavior from that of a pure semiconducter,

The metheds by which these psrameters are calculated from the Hall,
resistivity, and thermoelectric power data obtained is discussed below,
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Three methods were used to determine the energy gap:

l, Determination from the slope of the
resistivity-temperature curve.

2¢ Determination from the variation of
carrier densities as a function of
tempersture.

3o Determination of photon energy
necessary to excite across the foi=
bidden gap.

Be Resistivity-Temperature Delermination of Energy Gap:

The relation between resistivity and temperature in the intrinsic cone
ductivity range of a semiconductor isz

P =2 (27 k1/m2)~3/2 (m, m,)"3b oB/2KT (4 T

The calculation of the energy gap is based on the assumption that the
vesistivity variation with temperature can be simplified tos

P = BeE/2KT
wvhere B = B + AT
/8 and B are constants.

Since B contains a T’3/ 2 term and a mobility term which is te%erature dependent,
B can be independent of temperature if mobility varies as T-3/2,

Differentiating the logarithm of the resistivity with respect to 1/T in
this simplified equation gives:s

| d(]f%;

Hence, the slope of the ln /2 versus 1/T ia a measurs of the energy gap. The above
equation implies that the mobility of the carriers varies with temperature as 1"3/ 2

(in order for B to be independent of temper:zture), The 7-3/2 variation of mobility
with temperature i1s that prasdicted for latiice scattering by phonons in the acoustical
mode, and is obeyed by germanium and silicon at room temperature. Attempts have bean
made to explain other power dependence by assuming that phonons can be scattered by
optical modes as well as the acoustical modes of vibrations, thus altering the tempera-
ture dependence of mobility. There is also a small contribution to the temperature
dependence of moblility by electron-hole scattering at high carrier densities. The
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amount of this contribution har also been calculated using a modified impurity
scattering derived by Comwell (25), Hole mobilities in germanium were found to
vary with as high as the =5/2 power of temperature at very high temperature, and
Shogenu and Uchiyama (15) have found PbTe to obey this relationship at all tempera-
tures,

The logarithm of the resistivities of the samples as functicns of the
reciprocal temperature are given in Fig. 7, 10 and 13, The intrinsic resistivities
are replotted on an expanded scale in Fig. 16, The plots are straight lines in
the intrinsic range, with slopes corresponding best to 0.35 eV. The intrinsic
resistivities are reproducible after heating, cooling, and rehesting of the specimens,
indicating that tellurium vaporization up to 700°C is negligible when a Sauereisen
coating is used.

The fact that the intrinsic resistivity curve is a straight line ine
dicates that variations in resistivity due to temperature dependence of mobility
and position of the Fermi level are not very significant compared to the exponential
thermal exitation of electron~hole pairs; which appears to be the controlling factor
at high temperatures.

Ce Carrier Concentration vs Temperaturs Determination of Energy Gap:

Although the method described above shows there is no simple relation
between 1/T and the energy gap, if the product mpT~3 15 formed for a non-degenarste
semiconductor a function is obtained which will lead to the desired relation ex=-
clusive of the mobilities and position of the Fermi level (26), This product isi

=3 = L(2Tk/M2)3  (my m)3/2  e=B/KT 1

The activation energy E can then be obtained from the slope of a plot of the log
of npT=3 against 1/T.

Te calculate the value E by this method the electron and hole concen-
trations must first be obtained from the Hall coefficlent data, The Hall co=
efficient in the intrinsic region is given bys

R = = 37 (nb? + p) (8
8¢ (nb + p)¢

In the exhaustion range; that is, at temperatures at which all impurities
are ionized and a negligible number of valence electrons ars excited intc the
conduction band, the Hall coefficlent equation for p=type samples reduces to:

R = +3 7 (9
g




From the condition of electrical neutrality we haves:
P = n+Ng (for p=type) (10

where Ng = the number of acceptor impurity atoms/cm3,

Therefore, if the mobility ratic is knowny; n and p at any temperature can be
calculated from equations 7,8,9. The assumption inherent in trise aquations
that the mobility ratio is constant with temperature, is made without compleée
Justification, However, if n and p are caiculated from the equation using this
agsumption and a straight line is obtained in a plot of log npT=3 against 1/T,
it is reasonably sure that b is constant over the temperature range investigated.

Determination of the mobility ratio is almost invariably performed in
p~type material by determining the ratio of the maximum value of the Hall co-
efficient in the intrinsic range to the value of the Hall coefficient in the ex~
trineic range (27),

However, this method cannot be used in n-type material, since the Hall
coefficient contimually decreases to zero and does not have a maximum, Since .t
is desirable to have independent mobility ratio determinations in all the samples,
the method devised by Hunter (28) was used. This method has the added advantage
that there is no possibility of error due to the difference between the Hall mobility
and the drift mobility. Hunter has shown that the mobility ratio is determined by
the intersection of the extrinsic and the intrinsic resistivity curve extrapolations.,
The mobility ratio can then be given by:

b = F%I -r (p=type) (1
_%_‘ - 5']-:T -r (n-type) (12

where r is the ratio G-//f) where ﬁ? is the resistivity of the extrinsic line ex~
trapolated to the intersection of the intrinsic and extrinsic lines, and /3 is the
actual resistivity at the same temperature, However, since the ratio of the two
resistivities is used, the resistivity in the transition region must be determined
very accurately, Resistivitles could be determined in this temperature range to
10=7 ohm-cm, corresponding to a mobility ratio error of + .05,

A difficulty associated with this procedure is the determination of a
satisfactory method of extrapolation. The intrinsic line can be extrapolated with-
out difficulty since it is a straight line, However, the extrinsic line is decidedly
curved, Hunter (28) suggests extrapolatior assuming that the mobility is a simple
povwer function of temperature, and this procedure was used in this investigation.
However, the mobility versus temperature curves found for PbTe do not fall on &
simple power function plot very well, and it is estimated that an error in mobility
of ¢+ 0.1 was introduced due to the uncertainty in the extrapolation.
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The mobility ratio determinations in the transition range are shown in
Fig. 17, 18, 19, The average value of the mobility ratio was determined to be
2025 + 0.250

Using this value, n and p were calculated by means of equation 8. The
log npT=3 is plotted for sample 1L vs 1/T in Fig. 21. Analysis could not be
performed on samples 3 and 19 since the Hall coefficient of these samples is so
low that variations of Hall coefficient with temperature could not be accurately
followed., The slope of the curve for sample 14 was found to correspond to 0,35 eV,
in good agreement with the slope of the registivity va temperaturs.

Ds Determination of Optical Energy Gap:

The energy gap can be determined by the interaction of photons with the
electrons in the valence band. At photon energies below that of the forbidden gap
there will be no excitation and the only interaction will be weak absorption by
any free carriers in the sample, At photon energies equal to that of the forbidden
gap the absorption coefficient will rise sharply.

Direct transitions from the valence to the conduction band can occur
provided that the wave number does not change durlng the transition. In such
transitions it has been shown (19) that the absorption coefficient is proportional
to the square root of the photon energy., In indirect transitions, where phonon=
electron interactions occur, the absorption coefficient is lower and is proportional
to the square root of the photom energy.

The direct energy gap can therefore be obtained by extrapolating the ab-
sorption coefficient squared vs photon energy to zero energys the indirect gap can
be obtained from a plot of the square root of the absorption coefficient vs the
photon energy (19)s The extrapolation 1s shown in Fig, 22, The energy gap for
direct transitions is 0,32 eV.

Eo Determination of Carrier Mobilities:

The mobilities of the carriers c¢an be found using the calculated values
of p and n. The rati¢ of mobilities is assumed a constant with temperature. The
resistivity is given by

£ - (nofn +pouph (13

This may be simplified in the extrinsic range tos

A - ( /Den)‘l - -8R for n~type material (1L
3P
and
A = (fb‘p)'l - 8R for p~type material \-5
—5Tp—
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In the transition region between the intrinsic and extrinsic ranges, where both
n and p are appreciable and not equal, we haves

n = 8/377 e(n + p/d) for netype material (16

and
p = 8/31Tf9(p +btn)e for p-type material (17

Fig. 20 shows the calculated majority carrier mobilities as a function of tempera-
ture for samples 3, 1li, and 19, The mobilities descrease with increasing temperature,
the hole mobility of Specimen 3 decreasing more rapidly than that of the purer
Specimen 1, At approximately room temperature the mobilities of the two p=type
samples approach each other and the mobility of the n-type sample approached the
value of b/pe

It therefore appears that the mobilities above 200°K can be considered
as being determined primarily by lattice scattering which is independent of im-
purity concentration, while at lower temperatures the scattering is largely due
to impurity ions, However, the mobility of the stoichiometric sample 1k should be
higher than that of the impure sample 3 if this simple model were correct, and in
order to explain the difference it is necessary to assume that the intrinsic sample
is highly compensated, possibly with lead atoms sitting in tellurium lattice sites
and tellurium atoms sitting in lead lattice sites.

Fe Determination of Effective Massess

The effective masses of the charge carriers can be obtained from the
Seebeck coefficients values in the extrinsic region. In this region the Seebeck
coefficient is given bys

8§ = + k. 2 = 1n { nhi_ L (18
T e 2(2TTm. kT)3/2

This equation assumes lattice scattering is predominent, which is true at room
temperatures and above, Substituting the room temperature values for the Seebeck
coefficient and the number of carriers for samples 3 and 19 we obtaing

]nn - 0022 m
my = 0e29 m
Gs Determination of Temperature Variation of Egs

The position of the bands and the band edges is a function of temperature.
This can be partially explained by the shift in the energy levels by the volume ex-
pansion of the lattice with temperature and excitation of lattice vibrations. The
change in gap has been shown to be a linear function of temperature in many semi-

WADC TR 59=570 22




conductors (1), We can therefore give the variation of cnergy gap with ferperature
ty we eguation:

the Seebeck coeflicient vs temperature
EAN
[

e Seebeck coefficient can be given by (29):

P can also be determined from
measurenentss In the intrinsic range

S = =k (b‘l) Eo .
15D o+ 2 o+ /B/2k -2 1lnc (20
e [ X 2]

Substituting E, = 02l eV (see Section V) and b = 2,2 into tris equation and using
the Scebeck ccefficients of Figse 3, 11, 1L we obtain:

P = 245 x 107 ev/°K
Ve DISCUSSICK

The experimental results show that the optical energy gap for indirect
transitions does noit agree with the activation erergy measured themally., The
original discrepancy between thermal values and optical values were sicwn by
Scanlon {9) to be due to the vaporization of tellurium from the specimen at elevated
temperatures. However, in the present investigation vaporization was eflectively
prevented, as is shown by the reproducibilily of th2 res’'sviviyy curves on repeated
heating and coolin: cycles. Therefore, it appears that mechanisms must ve present
for carrier production in the therwmal reasurements which are nov available in the
optlecal measuremenvse

Recent Russian work by xovallchick and Maslalkovets cited in the literatim
surve; has shown that specimens which are guenched after elevated itermperaiure anneal
have a greater mumber of carriers than specimens which are slowly cooled fron the
amealing temperature. Assumin: a bvinolscular reaction, the activation energy
determined for this thermal production of carriers was 0,62 eVe They concluded that
the production of carriers ai t.e annealing temperature is most provably caused by
the solution of excess Quiescent iImpurity atons in lead telluride; or, when the
composition of the spzcimen is exactly stoichiometric, by dissociation of the compound,
and in this case the slope will zharacterize the ecnergy of dissociation.

However, it appears unlikely that this thermal carrier generation is caused
by the soluZion of excess atoms. Such solution rust have as one step a diffusion
process, and vz slope of the excess carrier concentration - terperature curve is
muciht smaller than oiz slope expected for a reaction involving iffusion. In addition,
thers i35 no reason for assuming a bimolecular reaction. If the calculation is Ddased
on ~ unimolescualar reaction, the activatlon energy obtained is 0.32 eV
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Pilat obtained the values cf 0,6 eV and 0.75 eV for diffusion of lead
and tellurium respectively in PbTe. The diffusion activation energy consists of
two parts; the jump activation energy and the vacancy production energy. The ob-
served slope of 0032 eV for carrier generation is therefore approximately what
would be expected for the slope of the vacancy concentratior-temperature curve,
The small energy calculated to be necessary to form a vacancy in PbTe as compared
to most other materials is probably due to the high polarigzability of the lead
and tellurium atoms, which results in relaxation of the Cculombic forces, Pro-
duction of vacancy pairs will occur at roughly twice this energy value and is also
to be expecteds However; since PbTe is only partly ionic, it is not necessary
that anion and cation vacancies be produced in equal concentrations, and it is
likely that a greater number of lead than tellurium vacancies will be generated
due to the differences in atomic radii,

Several mechanisms exist by which the vacancies existing in the lattice
can produce current carriers. A vacancy created by the removal of the more
electropositive lead atoms will tend to attract electrons; resulting in a level
in the forbidden energy region close to the valence band, Conversely, a vacancy
on the more electronegative tellurium lattice tends to lose electrons and produces
an additional level near the conduction band, Second ionizations for each type of
imperfection are also possible. Such levels will compensate each other at low
temperatures if the concentration of the two types of vacancies are the same. AS
mentioned above, however, more lead vacancies should exist at all temperatures.
Another possibility is the production of antiestructure disorder in the crystal,
Anti-structure disorder; that is; lead atoms sitting at tellurium sites and tellurium
atoms sitting at lead sites should exist to some extent in the compound. With in-
creasing temperature the concentration of antjestructure disorder should increase
due to the accompanying increase in entropye The tellurium ion on a lead site will
form an imperfection that will tend to donate electrons, and will form a level near
the conduction bande The lead ion on the tellurium site will tend to accept an
electron and will form an acceptor level near the valence band, Reaction with
vacancies permits different concentrations of the two anti-structure reactions to
QOCCUre

The third possible mechanism for carrier generation is vacancy pair
separation. Lead vacancles are negatively charged and tellurium vacancies positively
charged with respect to the surrounding crystal and will at*ract one another. When
a vacancy pair has been formed, the resultant double vacancy is not charged; and
does not interact with the charge carriers, However, with increasing temperature
the number of vacancy pairs becomes smaller and the constituent vacancies regain
apparent charges. The lead and tellurium vacancies c¢an then form donor and acceptor
levels as mentioned before,
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Whatever the mechanisms for the production of these additional carriers,
measurements taken at elevated temperature will detect carriersgenerated by two
distinct mechanisms: 1) the generation of electron-hole pairs across the energy
gap and, 2) production of excess carrier at the elevated temperature., Optical
measuremerts at room temperature however, will only obsgerve carriers which are
excited across the energy gap. Therefore, to obtain the number of carriers excited
across the energy gap from the thermal measurements the excess concentration must
be subtracted from the total carrier concentration determined, Fig. 23 is a plot
of the carrier concentration as obtained from the value of Fig. 21 and the thermal
carrier concentration determined by Koval'chick. Since Koval'chick gave only a
small graph of his values for carrier production, it is difficult to reproduce his
data accurately, and some error in replotting is inevitable., The difference curve
should yield the actual electrom-hole equilibrium concentration. From this plot
the bandgap at 0°K is found to be 0.2k eV, in much better sgreement with the optically
determined value than is the uncorrected value, The calculated electron-hole equili.
brium concentration is added to the excess carrier concentration in the bottom graph
of Fige 23 to yield the total number of carriers., It can be seen that the log of the
total carrier concentration is a straight line function of the reciprocal temperature
only at intermediate temperatures. At high temperatures the excess carrier concentra-
tion predominates, while at lower temperatures the electron=hole pair produection is
predominant. The low temperature region is not observable since impurity conduction
becomes signicant, and the high temperature region was not observed due to experimental
difficulties,

Free vaporization of the constituents from the specimen must result in a
large concentration of vacancies forming in the sample, This will result in the
exc:8s carrier concentration line being pushed to values higher than the equilibrium
values, and these excess carriers will then be predominant. This is evidenced by
the work of Putley (8) who obtained 0.63 eV when such free vaporization was permitted
to occure
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VII. LIST OF SYMBOLS

20 lattice constant

;3 temperature coefficient of energy gap, eV/*K.

b mobility ratio of electrons to holes, up/up.

Co initial concentration, weight percent,

C concentration at any point in specimen, weight percent,
E energy gap at a given temperature, eV.

Eo energy gap at absolute zero, eV,

e charge on electron = L,8 x 10~10 esu,

oV energy in electron volts,

g fraction of ingot solidified.

5 wave number of an electron, cm'i.

k Boltzman constant = 8,61 x 10~5 &V/°K,

ke s0l1id to liquid solute concentration ratio, at equilibrium.
m electronic mass = 9.1 x 10-28 gramse

m, effective hole mass in the lattice, grams,

mp effective electronic mass in the lattice, grams.

n number of electrons per cubic centimeter of solid,

Na number of acceptor impurity atoms/cm3,

n{? equilibrium product of electrons and holes at a temperature T.
up  mobility of electrons, cm?/V-sece

Wp mobility of holes, cm?/V-sec,

p number of holes per cubic centimeter of solid.

Q Seebeck coefficient. stat volts/®K.
r ratio A e/ Po

WADC TR 59-570 29




R Hall coefficient, cm3/coulomb.
P electrical resistivity ohmecm.

Fo resistivity at intersection of extrinsic and intrinsie resistivity curves.

Fo obgerved resistivity at the temperature /Oy determines,
o electrical conductivity ohm=l -1,
; ) Bragg angle,
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Fig. 1 Hall Bffect Apparatus
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